We investigated the hydrogen-adsorption properties of four zeolites (FAU-, MFI-, *BEA-and MOR-type zeolites) with various Si/Al ratios and charge cations (H + , Li + or Na + ), focusing particularly on the measurements of isosteric heat of adsorption (Q st ). The profiles of Q st describe the heterogeneity of the zeolite surface. Zeolites with narrower pore channel (2.6 ¥ 5.7 Å) exhibit higher initial Q st values than zeolites with wide pore channel (7.4 ¥ 7.4 Å), because of the strong dispersion interaction between hydrogen molecules and the surface of the pore channel. Li-exchanged zeolites exhibit high initial Q st values; however, the 6-membered ring zeolite frameworks adsorb less hydrogen at 77 K and 0.1 MPa than Na-exchanged zeolites, because Li cations, unlike larger Na cations, can penetrate the ring, and thus become less accessible to hydrogen molecules. The enhancement of hydrogen uptake for Li-exchanged zeolites correlates with the amount of Li + .
INTRODUCTION
Zeolites, a class of microporous crystalline aluminosilicates, are widely used as adsorbents, catalysts and ion exchangers in various industries (Breck 1974) . Recently, porous materials have been investigated for the potential use as hydrogen-storage materials, which are a key to the success of hydrogen as an energy carrier in automobiles and other systems (Schlapbach and Züttel 2001) . Porous materials are promising candidates for such applications because their high surface area and large porosity enable kinetically favourable storage by physisorption (Murray et al. 2009 ).
Investigations into the optimum conditions for storage by physisorption reveal a complication. Under cryogenic conditions, porous materials, particularly metal-organic frameworks (MOFs), exhibit excellent hydrogen-storage capacities. However, under ambient conditions, these capacities were drastically decreased (Furukawa et al. 2007; Kaye et al. 2007; Koh et al. 2009) due to low interaction between hydrogen molecules and the surface of porous materials.
To enhance the interaction between hydrogen molecules and the surface of the porous materials, researchers have proposed the methodology of Li doping into the porous material (Belof et al. 2007) . Theoretical investigations revealed that metal cations, especially Li cation, have a strong affinity for hydrogen molecules because of charge-induced dipole interaction, which could adsorb multiple hydrogen molecules (Barbatti et al. 2001) . Several recent reports have addressed the Li-doping method into MOFs (Mulfort and Hupp 2007; Yang et al. 2008 Yang et al. , 2009 Nouar et al. 2009; An et al. 2010 ), *Author to whom all correspondence should be addressed. E-mail: okubo@chemsys.t.u-tokyo.ac.jp (T. Okubo). although the effect of Li cations on hydrogen adsorption has not been experimentally clarified yet. Our recent research suggested that the location of the doped Li cations in the porous material affects hydrogen-adsorption properties (Kubo et al. 2011 (Kubo et al. , 2012 (Kubo et al. , 2013 . However, all the aforementioned reports are somewhat limited because the MOFs lack high numbers of Li-doped sites.
Aluminosilicate zeolites are effective cation-exchangeable material because their frameworks incorporated with [AlO 4/2 ]units are negatively charged. Therefore, although the porous characteristics of zeolites are not suitable for practical hydrogen storage compared with MOFs, cation-exchanged zeolites have been found to be worthy model materials for the study of hydrogen adsorption (Kazansky et al. 1998; Langmi et al. 2003 Langmi et al. , 2005 . The interaction between hydrogen molecules and cations in the zeolite pore channel has been investigated, in particular by variable-temperature infrared spectroscopy (VT-IR; Areán et al. 2003 Areán et al. , 2007 Nachtigall et al. 2006) . However, the measurements of hydrogen adsorption were conducted at a low pressure (<10 mbar), and the obtained information has been limited on only the high-affinity adsorption sites. In addition, the VT-IR method was unable to discriminate the small differences in adsorption energy. Thus, the interpretations of this method assumed that the zeolites have homogeneous surface with a single type of adsorption sites. However, the theoretical calculation showed the presence of several types of adsorption sites, indicating that zeolites have heterogeneous surface (Kang et al. 2008) . To better understand the hydrogen-adsorption properties of zeolites, we selected the isosteric heat of adsorption (Q st ), which can describe the characteristics of hydrogen adsorption at each hydrogen-adsorption site, not just at the high-affinity sites. However, only few studies have been reported on the calculation of Q st values for zeolites with various framework structures (Jhung et al. 2006 (Jhung et al. , 2007 .
In this study, we examined the hydrogen-adsorption properties, especially Q st , of four types of cation-exchanged zeolites, namely, FAU, MFI, *BEA and MOR types ( Si/Al ratios. The Q st values for each zeolite were calculated from adsorption isotherms at 77 and 87 K by a virial equation. We then correlated these Q st values with the zeolite framework structure and the surface coverage of hydrogen. Finally, the effect of the amount of Li cations in each zeolite on the hydrogen-adsorption capability was investigated.
EXPERIMENTAL SECTION
All zeolites except for *BEA-type zeolite with Si/Al = 5.0 were supplied by Tosoh Corp. The *BEA-type zeolite with Si/Al = 5.0 was prepared as previously reported (Kamimura et al. 2010) . For Li exchange, the zeolites were immersed in 0.5M LiCl aqueous solution, stirred at room temperature for 24 hours, recovered by filtration and washed with distilled water. This exchange procedure was repeated five times to obtain Li-exchanged zeolites. All samples were labelled as M-FTC(X), where M denotes the exchanged ion (H + , Li + or Na + ), FTC denotes the framework type code of each zeolite, and X denotes the Si/Al ratio of zeolite, respectively. For example, the label Li-FAU(1.0) denotes Li-exchanged FAU-type zeolite with Si/Al = 1.0.
Inductively coupled plasma atomic emission spectrometry measurements were performed using a P4010 (Hitachi) for the quantitative analysis of Li (670.7 nm), Si (221.6 nm) and Al (396.1 nm) species. Powder X-ray diffraction (XRD) measurements were performed using an M03X-HF22 (Mac Science) equipped with a Cu-K a radiation source (wavelength 0.15406 nm).
Nitrogen adsorption-desorption measurements and hydrogen-adsorption measurements were performed on an AUTOSORB-1 MP (Quantachrome). Hydrogen isotherms were collected at 87 K using a liquid argon bath. Ultra-high-purity grade He, H 2 and N 2 were used for all adsorption measurements. Hydrogen uptakes at various pressures were calculated using the ideal gas law because the adsorption pressure was only up to 0.10 MPa. The equilibrium times were 4 minutes in the low-pressure region (<100 Pa) and 3 minutes in the high-pressure region. The reproducibility of the adsorption data was confirmed at least three times. Approximately 50 mg of samples were outgassed at 573 K for 8 hours before the adsorption analysis.
Specific surface area was calculated from the nitrogen adsorption isotherm by the BET method in the range 0.01 < P/P 0 < 0.05. Micropore volumes were calculated by the 't' method. Surface coverage of adsorbed hydrogen at 77 K and 0.1 MPa was estimated from the hydrogen uptake, the adsorbed hydrogen density over 1 m 2 (1.3 ¥ 10 -5 mol/m 2 ) and the BET surface area (Jhung et al. 2007 ). The Q st values were calculated from hydrogen-adsorption isotherms at 77 and 87 K with a virial equation of state, which gives reliable Q st values (Czepirski and Jagiello 1989; Dinca et al. 2006; Rowsell and Yaghi 2006) . The following virial-type expansion with temperature-independent parameters a i and b i was applied:
(1) where P is pressure, N is the amount of hydrogen adsorbed, T is absolute temperature, and m and n are the numbers of coefficients required to adequately describe the isotherms. From these results, Q st is calculated as follows:
( 2) where R is the universal gas constant.
RESULTS AND DISCUSSION
XRD measurements show that all zeolites were obtained in a pure phase and crystalline form (data not shown). Figures 2 and 3 show hydrogen-adsorption isotherms at 77 K and plots of Q st calculated from the isotherms, respectively. Table 1 summarizes the Li content, porous characteristics and hydrogenadsorption properties of the samples. Some of the samples exhibit similar hydrogen uptakes as reported in previous studies (Zecchina et al. 2005; Jhung et al. 2007 ). Significantly, maximum Q st (10.3 kJ/mol) of Na-MFI(12) is in good agreement with the adsorption enthalpy (10.5 kJ/mol) derived from VT-IR measurement (Areán et al. 2005) . However, Q st of Na-MFI(12) decreases with increasing hydrogen loading. It indicates that the Q st profile can examine the heterogeneity of the surface that could not be evaluated by VT-IR measurements. For H zeolites with the same framework, both hydrogen uptake and Q st increase with a decreasing Si/Al ratio-that is, with increasing the amounts of Al atoms in the framework. In the case of H zeolites, OH groups are present for charge neutrality reasons. Thus, a low Si/Al ratio indicates the presence of more OH groups in the framework. The OH groups have an affinity to hydrogen molecules because of hydrogen bonding interaction (Bordiga et al. 2000) . Therefore, it is reasonable that H zeolites with a low Si/Al ratio exhibit a high hydrogen uptake and high Q st . By contrast, zeolites with different structures exhibit different hydrogen uptakes and Q st values. For example, H-MOR(91) exhibits double the hydrogen uptake of H-FAU(48). These differences are considered to be derived from the different zeolite framework, especially pore structure. However, the pore structures are not directly related to the hydrogen uptakes, because the hydrogen uptakes are determined by two factors, namely, the surface area and Q st . Therefore, we evaluate the intrinsic hydrogen-adsorption properties derived from the zeolite framework using the Q st values of H zeolites with the highest Si/Al ratios to eliminate the surface charge derived from [AlO 4/2 ]and alkali metal cations. Figure 4 shows the relation between maximum and minimum Q st values of H zeolites with the highest Si/Al ratio and the smallest and the largest pore diameter, respectively. Maximum Q st values correlate with the smallest pore diameter, indicating that the interaction between hydrogen molecules and zeolite pore wall is in the order of MOR > MFI > *BEA > FAU, which is the reverse order of the zeolites' smallest pore size. It should be noted that MOR has two different pore sizes, namely, 12-membered ring (6.5 ¥ 7.0 Å) and 8-membered ring (2.6 ¥ 5.7 Å). Although the pore size of MOR's 8-membered ring is smaller than the adsorption cross-sectional area of a hydrogen molecule (14.2 Å 2 ), MOR exhibits the largest maximum Q st value, indicating that hydrogen molecules are adsorbed in a small channel. In general, the interaction between adsorbate and pore wall is known to become stronger with decreasing pore size of the adsorbent (Kaneko et al. 1994) . Similarly, in our case, H zeolites with narrow pore channels exhibit strong van der Waals interaction derived from pore channels, which is effective to adsorb hydrogen in the low-pressure region. However, as shown in Figure 3 , Q st values decrease with increasing hydrogen loading, because adsorption sites with higher hydrogen affinity are filled first and then other sites with lower hydrogen affinity are filled. The degree of decrease of Q st is not related to the smallest pore diameter [Q st of H-MOR(91) decreases steeply]. Figure 4 shows that minimum Q st values correlate with the largest pore diameter of each zeolite. It indicates that the hydrogen adsorption in the high-pressure region occurs dominantly in the larger pore channel within each zeolite. M zeolites (M = Na or Li) exhibit higher hydrogen uptake and Q st than H zeolites with the same structure and Si/Al ratio. Especially, the adsorption data observed in FAU framework system are significant among the samples. H-FAU(47.5) exhibits the lowest hydrogen uptake and Q st , because the large pore size (7.4 ¥ 7.4 Å) and less amount of Al causes the low affinity to hydrogen molecules. By contrast, Li-FAU(1.0) exhibits the highest hydrogen uptake among all samples, which is in agreement with a previous report (Li and Yang 2006) . In addition, Q st values obviously 4 . Plot of Q st for H zeolites with the highest Si/Al ratios versus the pore diameter in each zeolite. Red circles are the maximum Q st versus the smallest pore diameter and green circles are the minimum Q st versus the largest pore diameter.
increase by the incorporation of Li or Na in FAU(1.0). It indicates that the high hydrogen uptake and Q st of M zeolites are caused by the strong charge-induced dipole interaction of cations (Barbatti et al. 2001) . It should be noted that Li zeolites at low adsorption amounts exhibit Q st higher than Na zeolites, indicating that Li cations in zeolite have stronger affinity for hydrogen molecules than Na cations at low adsorption amounts. However, Li zeolites except for Li-FAU(1.0) and ) exhibit lower hydrogen uptakes at 0.1 MPa than Na zeolites even with the same zeolite type and Si/Al ratio. Correspondingly, Q st values drop more steeply with increasing hydrogen uptake for the Li zeolites than for the Na zeolites. The difference in Q st values for the Li and Na zeolites can be explained by the location of M + in the zeolite framework. The location of alkali metal cations in the zeolite has long been studied. In particular, in the FAU framework, the cations are known to be distributed over six possible sites (sites I, I', II, II', III and III' in Figure 5 ; Plévert et al. 1997 ). Among these, the ion-exchange sites where cations can be exposed to the pore surface are sites II and III. For FAU, site II is on the 6-membered ring of the zeolite's sodalite cage. The radius of Na cation is larger than the size of the 6-membered ring, which prevents the penetration of Na cation through the ring, and it remains on the pore surface where it is accessible for the hydrogen molecules. By contrast, the radius of Li cation is smaller than the size of the 6-membered ring, allowing it to penetrate through the ring where it becomes less accessible for hydrogen molecules (Kazansky 1999; Areán et al. 2005) . Thus, the maximum number of hydrogen molecules that can be adsorbed onto site II is considerably higher for Na cation than the case of Li cation. However, again for FAU, site III is on the 4-membered ring of the sodalite cage, which is smaller than the size of even Li cation. Li cations are therefore far more accessible to hydrogen molecules at site III than at site II. In addition, the higher affinity of Li cation than of Na cation for hydrogen molecules results in the lower pressure for saturating the hydrogen adsorption.
The difference in hydrogen uptakes of Li-FAU(1.0) and Li-FAU(2.7) can be explained by the location of Li cations. Despite its higher initial Q st value, Li-FAU(2.7) exhibits lower hydrogen uptake at 77 K and 0.1 MPa compared with Na-FAU(2.7). Previously, other researchers (Kazansky 1999) showed that for FAU zeolite with Si/Al > 2.4, alkali metal cations occupied only site II, whereas site III remained free. For Li-FAU(2.7), Li cations occupy site II where hydrogen molecules cannot adsorb to a significant extent, and thus Li-FAU(2.7) exhibits lower hydrogen uptake at 77 K and 0.1 MPa as compared with Na-FAU(2.7), despite its higher initial Q st value. By contrast, for Li-FAU(1.0), Li cations occupy sites II and III, and thus Li-FAU(1.0) exhibits the highest observed hydrogen uptake. However, its Q st values decrease gradually with increasing hydrogen uptake and eventually the plateau, presumably because Li cations occupied site III, becomes saturated by hydrogen molecules. The frameworks of *BEA-and MFI-type zeolites also contain 6-membered rings that are occupied presumably by Li cations. The Li-*BEA(5.0) and exhibit higher initial Q st values and lower hydrogen uptakes as compared with Na-*BEA(5.0) and Na-MFI(12), whereas ) exhibits slightly higher hydrogen uptake as compared with Na-MOR(8.9). The MOR framework lacks a 6-membered ring, and is instead composed of 4-, 5-, 8-, and 12membered rings. As mentioned earlier, the 8-and 12-membered rings are pores of MOR, and thus the 4-and 5-membered rings, being small, are presumably ion-exchange sites. Li cations on these rings would be exposed towards nanospace, where they can adsorb hydrogen molecules effectively, leading to high hydrogen uptake.
Finally, we investigated the effect of the amount of Li cations on hydrogen uptake at 77 K and 0.1 MPa. At first, [hydrogen uptake (mmol/g)]/[the amount of Li + (mmol/g)] was considered. However, no correlation was found, because the adsorbed amounts were affected by various factors, such as the pore size, surface area and Q st . Hence, we decided to examine the effect of the amount of Li on hydrogen-adsorption capacity required to eliminate the effect of pore structure. The pore size and surface area are scarcely dependent on the amount of Li. Therefore, surface coverage was applied to examine the effect of amount of Li on hydrogen-adsorption properties. The surface coverage, which was estimated from the hydrogen uptake, the adsorbed hydrogen density over 1 m 2 (1.3 ¥ 10 -5 mol/m 2 ) and the BET surface area (Jhung et al. 2007 ), enables us to compare hydrogen-adsorption properties regardless of a zeolite framework. The enhancement of hydrogen uptake for Li zeolites is defined as the ratio of (a) surface coverage of hydrogen for Li zeolite to (b) surface coverage of hydrogen for the analogous H zeolite with the same framework and the highest Si/Al ratio. Figure 6 shows that, regardless of a zeolite framework, this ratio for Li zeolites increases with increasing amount of Li. To determine whether this correlation is applicable to other Li + -incorporated porous materials, in the same figure we also show the ratio for Li-doped MOF, as determined in our recent research (Kubo et al. 2012) . The correlation for MOF is in good agreement with the correlation for zeolite. It suggests that this finding can be applied to other porous materials.
CONCLUSIONS
We investigated the cryogenic hydrogen-adsorption properties of four alkaline cation-exchanged zeolites with various Si/Al ratios. The obtained results show that both the location and the amount of exchanged cations affect the hydrogen-adsorption properties of a zeolite. The profile of Q st can describe the heterogeneity of the surface, which could not be evaluated by VT-IR measurements. Among H zeolites with the same structure, those with higher Al content exhibit higher hydrogen uptake and higher Q st values because of hydrogen bond interaction derived from OH groups. Among H zeolites with different structures, those with narrower pore channels exhibit higher Q st values because of strong dispersion interaction with the channels. Although Li cations have a stronger affinity for hydrogen molecules than Na cations, most of the studied Li zeolites exhibit lower hydrogen uptake as compared with Na zeolites because Li cations, unlike the larger Na cations, can penetrate the 6-membered ring in the framework of zeolites and thus become less accessible to hydrogen molecules. The enhancement of hydrogen uptake for Li zeolites, defined as the ratio of surface coverage of hydrogen for Li zeolite to that for H zeolite, correlates with the amount of Li + , a principle that should be applicable to other porous materials. It is believed that such Li doping into porous materials in a manner that exposes large amounts of Li cations towards nanospace may lead to the development of practical hydrogen-storage materials.
